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To analyze the fatigue behavior of a simple 
composite— to— composite . bonded joint, a combined experi- 
mental and analytical study of the cracked-lap-shear. 

specimen subjected to constant-amplitude cyclic loading 
was undertaken. Two bonded systems were studied: 
T300/5208*** graphite /epoxy adherends bonded with adhe- 
sives EC 3445*** and FM-300***. For each bonded system, 
two specimen geometries were tested: (1) a strap 

adherend of 16 plies bonded to a lap adherend of 
8 plies, and (2) a strap adherend of 8 plies bonded to 
a lap adherend of 16 plies. In all specimens tested, 
the fatigue failure was in the form of cyclic debonding 
with some 0° fiber pull-off from the strap adherend. 

The debond always grew in the region of adhesive that 
had the highest mode I (peel) loading and that region 
was close to :.the. adhesive- strap interface. Furthermore, 
the measured cyclic debond growth rates correlated well 
with total strain energy release rates G™ as well as 
with its components Gj (peel) and Cjj (shear) for 
the mixed-mode loading in the present study. 


*Unlverfilty of Maine, on leave of absence at NASA Langley Research 
Center. 

**ofructures Laboratory, U.S. Army Research and Technology Labora- 
tories (AVRADCOM) , NAHA Langley Research Center. 

***The use of trade names in this paper does not constitute endorse- 
ment, either expressed or implied, by the National Aeronantlcs and 
Space Adml' if Stratton. 
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To Increase performance and fuel economy^ aerospace industries 
have been turning more and more to the use of advanced composites 
in both commercial and military aircraft. These materials offer 
excellent strength-to-weight and 8tiffness-to~weight ratios. But 
their efficient application requires more sophisticated joining 
methods than used in metallic structures. Because composites are 
severely weakened by fastener holes, their weight advantage may be 
lessened when mechanically fastened Joints are used. Adhesive 
bonding, on the other hand, provides a desirable alternative to 
mechanical fastening because of the following potential advantages: 
(1) higher joint efficiency index (relative strength/weight of the 
joint region), (2) lower part count, (3) no strength degradation 
of basic laminate due to fastener holes, (4) less expensive and 
simpler fabrication techniques, (5) lower maintenance costs, and 
(6) potential corrosion problems avoided. 

Design methods for adhesively bonded composites require cri- 
teria to predict both strength and durability. Although analytical 
and experimental work has been reported on the static strength of 
bonded compos ites,^“^ very little information is available on their 
fatigue behavior . Several possible fatigue failure modes exist for 
bonded composites: cyclic debonding (i.e., progressive separation 

of the adhesive bond under cyclic load), interlaminar damage 
(delamination), adherend fatigue, or a combination of these. There- 
fore, life predictions require a basic understanding of the mechan- 
ics associated with each failure mpde,.. :^;^ 

Many of the results obtained in cyclic debonding studies of 
composlte-to-metal joints^ and metal-to-metal joints* may be appli- 
cable to the present case of compos ite-to-composlte joints. In the 
study by Roderick et al,,^ the fracture mechanics concept of strain 
energy release rate was used to model the cyclic failure of bonded 
compos ite-to-metal joints. This is similar to the approach in 
metals where fatigue-crack-propagation rate is correlated with the 
strain energy release rate. The total strain energy release rate, 
Gj, associated with the cyclic failure of an adhesive bond can be 
resolved into three components Gj, Gjt, and Gjjj associated 
with three debonding modes: I (opening), II (sliding), and III 

(tearing), respectively. However, in most practical applications, 
only Gj and Gjj, due to peel and shear stresses, respectively, 
exist near the debond front during cyclic loading. Using metal-to- 
metal joints, Brussat et al.^ developed the cracked-lap-shear speci- 
men to study the effect of mixed-mode (Gi and Gji) loading on 
adhesive, has extended these fracture mechanics 

concepts to Investigate the failure of adhesive joints under vari- 
ous environmental conditions involving temperature, moisture, etc. 
Everett recently showed that the strain energy release rate Gj 
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associated with peel stress had a significant effect on cyclic 
bonding. 

The objective of the present study was to analyze the fatigue 
behavior of simple composite-to-composite bonded Joints subjected 
to constant ’•amplitude cyclic loading. For this purpose, graphite/ 
epoxy (T300/5208) cracked-lap-shear specimens were tested using 
EC 3445 and FM-300 adhesives. This investigation focused on the 
correlation of the measured cyclic debond rates with strain energy 
release rates calculated using a finite element analysis of the 
cracked-lap-shear specimen. Failure modes of this simple joint 
were also analyzed to investigate the relative influence of 
and Cj j • 


NOMENCLATURE 
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da 

dN 
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c,n 
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Ei,E2 
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Gl 

GlI 

Gip 

N 

P 

r 

V 

^ 12*'^23 


length of debond, mm 
debond growth rate, mm/cycle 
width of specimen, mm 
curve-fit parameters 
Young's modulus of adhesive, GPa 
Young's moduli of composite, GPa 
shear modulus of adhesive, GPa 
shear modulus of composite, GPa 

2 

mode I strain energy release rate, J/m 

2 

mode II strain energy release rate, J/m 

2 

mode III strain energy release rate, J/m 

2 

total strain energy release rate (« G^ + , J/m^ 

number of cycles 
applied load, kN 

residual from least-square curve fit 
Poisson's ratio of adhesive 
Poisson's ratios of composite 
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254 mm ^ 



Figure 1, Cracked“lap-shear specimen. 


EXPERIMENTS 
Test Specimen 

The cracked-lap-shear specimen, shown in Figure 1, was employed 
in the present study because it represents a simple structural joint 
subjected to in— plane loading. Both shear and peel stresses are 
present in the bond line of this joint. The magnitude of each com- 
ponent of this mixed-mode loading can be modified by changing the 
relative thicknesses of strap and lap adherends.^»® For the present 
study, the strap and lap adherends had 8 or 16 plies. These adher- 
ends had a quasi-lsotroplc layup and were typical of those currently 
employed in an Army program to build an all-composite helicopter 
airframe which is almost entirely adhesively bonded.^ 

Two bonded systems were studied—graphlte/epoxy (T300/5208) 
adherends bonded with EC 3445 adhesive and with FM-300 adhesive. 

The EC 3445 adhesive is a thermosetting paste adhesive with a cure 
temperature of 121°C. Specimens with this adhesive were fabricated 
using conventional secondary bonding procedure. However, specimens 
with FM-300 adhesive were fabricated by a co-curing procedure whereby 
adherends were cured and bonded simultaneously. The FM-300 is a 
modified epoxy adhesive supported with a carrier cloth with a cure 
temperature of 177®C. These adhesives, as well as the concepts of 


fable I. Adhesive Material Properties 

Modulus .GF.a 

Adhesives E G 

EC 3445 (3M Company) 1.81 0.65 

FM-300 (American 2.32 0.83 

Cyanamld Company) 


secondary and co-cure bonding « are also being employed in the ^ 
bonded all-composite helicopter airframe mentioned previously. 

The bonding process followed the manufacturer’s recommended proce- 
dures for each adhesive. The nominal adhesive thickness was 0.10 
and 0.25 mm for the EC 3445 and FM-300, respectively. 

The Young's modulus of FM-300 adhesive was calculated from the 
shear modulus provided by the manufacturer, assuming the adhesive 
to be an isotropic material. Poisson's ratio was assumed to be 0.4 
for both adhesives which is a typical value for adhesives. The 
EC 3445 adhesive is the paste version of the AF-55 adhesive film. 
Therefore, the Young's modulus of EC 3445 was calculated from the 
shear modulus of AF-55, assuming the adhesive to be an isotropic 
material. The material properties of both adhesives are given in 
Table I. 


Poisson's Ratio 
V 

0.4 

0.4 


The composite adherends consisted of quasi-isotropic lay-ups 
of [0°/45°/-45°/90°]g and [0°/45°/-45°/90°J2g. The material proper- 
ties of graphite/epoxy, presented in Table It, were obtained from 
reference 11. For each bonded system, two types of specimen were 
tested: (1) thin lap adherend of 8 plies bonded to thick strap 

adherend of 16 plies, and (2) thick lap adherend of 16 plies bonded 
to thin strap adherend of 8 plies. This arrangement provided four 
sets of specimens. Initially, the lengths of strap and lap adher- 
ends were 381 and 254 mm, respectively (a total of 127 nm was for 
grip support on both ends). However, specimens with a thick co- 
cured lap adherend were modified due to a plnched-off edge obtained 
during fabrication. This pinched-off edge, as discussed in refer- 
ence 12, caused a nonuniform thickness of lap adherend and adhesive 
near the end of the overlap. To avoid problems due to this non- 
uniform thickness, the pinched-off ends were removed by machining. 

In the resulting modified specimen, lengths of strap and lap adher- 
ends were 305 and 203 mm, respectively. 


Testing Procedure 

All specimens were tested in a closed-loop hydraulic test 
machine at a frequency of 10 Hz, In all tests, constant amplitude 
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Table II« Graphite /Epoxy® Adherend Material Properties 

Modulus,^ GPa Poisson's Ratio^ 

E2 Gi2 ''12 ''23 


El 

131.0 


13.0 


'*12 

6.4 


0.34 


0.35 


aT300/5208 (KASMCO) , fiber volume fraction is 0.63. 
bThe subscripts 1, 2. and 3 correspond to the longi- 
tudinal, transverse, and thickness directions, 
respectively, of a unidirectional ply. 


cyclic loads ware applied at a stress ratio of 0.1. The debond 
initiated at the lap end. Subsequent cyclic debonding was moni- 
tored throughout each test. 
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Figure 2. Comparison of different techniques to measure debond 
growth , 
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Three techniques to measure the cyclic debond growth were 
evaluated. For each technique, the location of the debond front 
;i.^as measured periodically to calculate debond growth rates. The 
first method used a sheet of photoelastic material bonded to the 
lap adherend of the specimen, as discussed In reference 4. lso> 
chromatic fringes developed at the debond front as a result of the 
high strain gradient in that vicinity when subjected to load. These 
Isochromatlc fringes were observed through a polarizer and were used 
to locate the debond front. The second method Involved locating 
the debond front with an X-ray technique using a dye penetrant 
zinc Iodine. The third method Involved measuring the compliance of 
the specimen and then calculating the debond length using a crack 
length compliance formula. The compliance of the specimen was 
measured with two displacement transducers attached on opposite 
sides of the specimen. All three methods provided good agreement 
for debond growth measurement as shown In Figure 2. In the present 
study the photoelastic technique was selected; an automated measure- 
ment system photographed the Isochromatlc fringes at predetermined 
Intervals. 



CYCLES 

Figure 3. Typical variation of debond length with fatigue cycles 
at different stress levels. 
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The strain energy release rates (G^, Gj, and G|i) ^ 

uniform in the cracked-lap-shear specimen for a significant debond 
growth region.® The debond date were measured over this region. 

This region is discussed in the subsequent section on finite-element 
analyses. Tests were conducted at two or more constant amplitude 
stress levels to get several values of debond growth rate (da/ N) 
from each specimen. At each stress level, the debond was measured 
as it grew over about 3 to 4 cm to ensure an accurate estimate of 
the debond growth rate over that region. Figure 3 shows typical 
debond data for different stress levels. In all cases debonding 
was initially nonlinear, but became linear after the debond 
greased a short distance (about 10 mm). For each stress level, the 
debond data were fitted with a straight line using regression 
analysis. ' 



STRAP 


LAP 


Figure 4. hebonded surfaces of cracked-lap-shoav speelmen (IT 344 S 
thick strap). 
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Figure 5. Debended surfaces of crocked-lap-shear specimen (FM-300, 
thin strap) . 


Debond Surfaces 


As previously mentioned, the possible failure modes in a com- 
posite bonded Joint are cyclic debonding, delominatlon, ndhcrcnd 
fatigue, or a combination of these. All specimens in the present 
study failed primarily by cyclic debonding of the adhesive. 

Although some adhesive remained on both the strap and lap adhercnds, 
signilicantlv more adhesive remained on the lap adherend. Also, 
tlune was some 0® fiber pull-off from the strap adherend in most 
specimens. Typical debonded surfaces with these failure details are 
shown In Klgtires A and 5 for both systems. On close oxumlnatlon of 
the debonded surface, the following conclusions regarding the cyclic 
debond cun be drawn. The debond was basically of a cohesive nature, 
l.e., lallure was within the adhesive with some 0 fiber pull-off 
from the strap. Further, rhe debond was always closer to. ..the. strap 
than to the lap. A possible explanation for this debond cbaracter- 
istie Is dlsi.-uased In the next sectiem. 
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FINITE-ELEMENT ANALYSIS 

Previous studies of fatigue damage mechanisms in adhesively 
bonded joints have shown that the strain energy release rate, 
defined from fracture mechanics principles, may be useful for co 
relating cyclic debond growth rate,^*^ Therefore, all four sets of 
specimens were analyzed with a finite element progr^, called 
GAMNAS® to calculate strain energy release rates. This two- 
dimensional analysis accounted for the geometric nonlinearity asso- 
ciated with the large rotations in the unsymmetric cracked- lap-she 
specimen. The importance of a geometric nonlinear analysis for th 
cracked-lap-shear specimen has been discussed in detail in refer- 
ence 8. 

A typical finite-element mesh, shown in Figure 6, consisted of 
about 1600 isoparametric four-node elements and had about 3000 
degrees of freedom. Each ply of composite was modeled as one layer 
in the finite-element model, except for the ply at the adhesive 
interface which was modeled in two or three layers. A multipoint 
constraint was applied to prevent rotation of the loaded end of the 



FINITE ELEMENT MESH lY COORDINATES ARE MAGNIFIED 20X) 
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Figure 6, Flnit<’ element model. 
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model (i.e., all the axial displacements along the ends are equal) to 
simulate actual grip loading of the specimen. A double-cracked-lap- 
shear specimen with isotropic adherends was analyzed using a quasi- 
three-dimensional analysis like that In reference 13 to show that 
the present two-dimensional analysis should be based on the plane 
strain condition. The strain energy release rates G<j>, Gj, and 
Gxi in the analysis were computed for the maximum load in the 
fatigue cycle using a virtual crack closure technique. The 
details of this procedure are given In reference 8. The calculation 
of strain energy rates In the present analysis depends on three 
parameters: (1) debond location^ (2) load level, and (3) debond 

length. These parameters will be discussed niMt. .. . 

As mentioned previously, the debond grew near the interface of 
the adhesive and strap adherend in all tests. It was very difficult 
to measure the exact location of the c’;.:bond, but in general the 
debond grew within one-fourth of the thickness of adhesive closest 
to interface. The effect of the location of the debond within the 
adhesive in the cracked-lap-shear specimen was investigated using 
GAMNAS.® Figure 7 shows the variation of calculated Gj, Gj, and 
Gii with the debond location within the thickness of the EC 3445 
adhesive. These results were calculated by modeling the adhesive 
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Figure 7. Variation of strain energy release rate with location of 
debond within EC 3445 adhesive. 
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Figure 8. Variation of strain energy release rates with applied 
load. 


with 4, 8, and 12 layers of elements, as shown In figure 6. Fig- 
ure 7 clearly shows that remains constant for all locations of 

the debond, while Gj has its maximum value near the adhesive-strap 
interface and has Its maximum value near the adhesive-lap 

Interface. The debord always initiated and grew In the region of 
highest Gj (near the adhesive-strap Interface) . This Indicates 
that Gj has the greater Influence on the debond location in the adhe- 
sive Joint, This is consistent with the observations that adhesives 
are inherently weaker under peel loading than under shear load- 
ing. 2*15 Additionally, these results show that an accurate eval- 
uation of Gf can be achieved by a four layer model, while accurate 
evaluation of Gj and Gjx requires a more refined model. To 
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Figure 9. Variation of attain energy release rates Tfith debond 
length. 

analyze the experimental debond growth rates, the debond location 
for all subsequent calculations was selected by engineering judge- 
ment to be at one-sixth of the adhesive thickness away from the 
adhesive-strap interface. Also, the 12-layer model was used in 
these calculations. 

Figure 8 shows the typical variation of strain energy release 
rates and G^x with the applied load on the cracked-lap-shear 

specimen obtained from geometric nonlinear analyses. The Gx and 
Gii In nonlinear analysis were found to be functions of the sqiiare 
of applied load within one percent. 

All four sets of specimens were then analyzed to determine the 
variation of G<x* ^1* ^11 vith the debond length. Figure 9 

shows the typical dependence of Gt, Gx, and Gxi on the debond 
length for both types of specimen with EC 3445 adhesive. For 
specimens with thick straps, Gj, Gj, and Gxj were constant up to 
140 mm of debond length. Similar behavior was found for co-cured 
specimens with thick straps. For specimens with thin straps. 
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Figure 10. Relation between strain energy release rates and deband 
growth rate for EC 3A45 adhesive. 
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Figure 11. Relation between strain energy release vales and deboml 
growth rate f«ir FM-300 adhesive. 


OWGtNAt ^ 

OP POOR 


effects of Gt and Gn- However, the Gj-to-Gn 
tesrspeclmens were all within the rather narrow range °'25 to 

thar.^c^el 1 e^«ry%l/no? influence the 

the debond S'-"'* ”” “■* S”Jor'CfedhSvL. er4 coopered In 
mCre S"“?hle f l^re eho?e’tbet the dehond rote with ra-300 is 
IS W percent of that for EC 3445 for the same applied load and 

debond length. 

Because of the log-log scale In Figure 12, the 
da/dli and 0 have slopes equal to the n tern <“-5 

tIo values of n found In this Investigation ranged 
This is quite high compared to typical values of n 
frack eroWth in aluminum and steel alloys that range from 1.5 
to 3 ^ll •’'hese steep ilopes mean that a small change in appll^ 
roal'woulS «IaI a Lrge'change In debond growth rate. Thus the 

Lbond propagation in adhesive structures 

in deslL loads than are typical cracks bonded 

Because of these steep slopes, it may be difficult to design 
loints for finite life. Minor design alterations or small analysis 
Iriors could Luse a much shorter life than ^he design value.. A 

iisiui“rerrnniiwr?iresiiirc'(-^^^^^^ 

r f. rir iri r^«rir “ to 

Irlll rlrowih threeheld. the eurve. ^ ^iE»« U Cch 

values fur EC 34A5 and FM-300 are 60.8 J/m^ and 

r.S-en"niri„a^5rerIr:trp,'‘IfrSI.“en7lII^a fer EC 3445 
and FM-300, respectively. 

The threshold strain energy release rate, Gth. . 

deoend on the adhesive and not on the specimen geometry within the 

exist in order to calculate strain energy release latt. iht size 
of the initial debond can be estimated from the anticipated manu- 
facturing defmB on NOT liffiitat ions. The maximum design load can 
then be determined to ensure that the applied % in the 
is below Ce-K for the given adhesive. In the present study the 
Values of f.u, for ?<'■ 3445 and FM-300 were obtained under Inbora- 
lory eublent ccmdltlone. However, as with ether edhealve pro,., r- 
ttea, tt la anticipated that Gt,, win be Influenced by the 


iMiMUith 


” nvORfGfWAL RAGE fg 

OF POOR QUALITY 



I 


Figure 12. Comparison of debond growth rate between two adhesives. 


environmental conditions. Perhaps, the present procedures can be 
extended to account for such environmental effects. 


CONCLUSIONS 

A combined experimental and analytical study of the cracked- 
lap“Shear specimen subjected to constant-saplltude cyclic loading 
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was undertaken to analyze the fatigue behavior of simple compos! te- 
to-composlte bonded joints. Two bonded systems were studied— 
graphite/epoxy adherends bonded with EC 3445 adhesive in a secon- 
dary bonding procedure and with FM-300 adhesive in a co-cure bonding 
procedure. With each bonded system, two specimen types were tested: 
(1) strap adherend of 16 plies bonded to lap adherend of 8 plies, 
and (2) strap adherend of 8 plies bonded to lap adherend of 16 
plies. A finite-element analysis was conducted to calculate the 
strain' energy release rates; Gj due to peel stress, Gji due to 
shear stress, and Gj due to both stresses. The present study led 
to the following conclusions: 

1. Cracked-lap-shear specimens were found to provide consistent 
debond growth data. The cyclic debond growth rates were repro- 
ducible from one specimen to another within a scatter band com- 
parable to that for crack growth in metals. 

2. Cracked-lap- shear specimens failed predominately by cyclic 
debonding of adhesive, accompanied by some 0° fiber pull-off 
from the strap adherend. 

3. The debond always grew in the region of the adhesive that had 
the highest mode I loading (peel stress or Gj) . This indicates 
that Gi had a stronger Influence than Gjj on the debond 
location. 

4. Debond growth rates correlated very well with Gx, Gxx, and 

Gj. However, the specimen geometries tested in this study did 
not produce a wide enough range of mixed mode loading condi- 
tions to clearly establish the relative influences of strain 
energy release rates Gx» debond growth rate. 


ACKNOWLEDGMENTS 


The first author is grateful for the support from the Army 
Structures Laboratory (RTL-AVRADCOM) through the In-house Laboratory 
Independent Research (ILIR) program during the course oi this study. 


REFERENCES 

1. F. L. Matthews, P. F. Kilty, and E. W. Godwin, "A Review of 
the Strength of Joints in Fibre-Reinforced Plastics, Part 2 — 
Adhesively Bonded Joints," Composites, ^ (1), 29 (1982). 

2. L. J. Hart'-Smlth, "Analysis and Design of Advanced Composite 
Bonded Joints," NASA CR-2218, National Aeronautics and Space 
Administration (1974). 


19 


W. J. Ronton and J. R. Vlnaon, "Tlio Analyals und Design ol: 
CompoHlto Matorial Bonded Joints Under Static and Fatigue 
Loadings," AFOSR-TR- 72-1027, U,S. Air Force (1973). 

4. (!. L. Roderick, R. A. Kverott, Jr., and J, H. Crews, Jr., in 

Fatigue ot Compos ite Materials," ASWl STP 569, pp. 295-306, 
American Society for Testing und Maturiuls, Philadelphia, 

•L^ 75* 

5. T. R. Brnssat, S. T. Chiu, und S, Mostovoy, "Fracture Mechan- 
ics for Structural Adhesive Bonds," AFML-TR-163, Air Force 
Materials Laboratory (1977). 

6. J. Rotnanko and W. C. Knausa, "Fatigue Behavior of Adhesively 
Bonded Joints," Vol. I, AFWAL-TR-80-4037, U.S. Air Force ’ 
(1980) . 

7. R, A. Evei'ott, Jr., "The Role of Peel Stresses in Cyclic 
Debonding," NASA TM-84504, National Aeronautics und Space 
Administration (1982). 

8. B. Dattuguru, R. A. Kverott, Jr., J. D. Wiltcomb, and W. S. 
Johnson, Ceomotv teal ly-Nonl inoar Analysis of Adhefllvely 
Bonded Joints," NASA TM-84562, National Aeronautics and' 

Space Administration (1982). 

9. U. R. Alsmiller, Jr. and W. r. Anderson, "Advanced Compos- 
ites Airframe Program - Preliminary Design," USAAVRADCOM-TR- 
80-D-37A, U.S. Army (1982). 

10. K. J. Huglies and J. L. Rutherford, "Kvaluatlon of Adhesives 
for iMiselage Bonding," Report No. RD-75-74, The Singer Company 
( 1 9 7 3 ) • 

11. K. N, Shlvakuiuar and J. U. Crews, Jr., "Bolt Clampup Relaxa- 
tion til a Craphtte/Kpoxy Laminate," NASA TM-8J268, National 
Aeronautics and Space Admlnlstrutlon (1982). 

12. L. J. Hart-Smith, "Effect of Adhesive Layer Edge Thickness on 
Strengtli of Adhesive-Bonded Joints," MUC J4675, McDonnell- 
Douglas Corporation (1981). 

13. r. S. Raju and J. H. Crews, Jr., "Interlaminar Stress Singu- 
larities at a Straight Edge In Composite Laminates," Com- 
puters and Structures, 14 (1-2), 21 (1981). 

14. K. F. Ryblckl and M. F, Kannlnen, "A Finite Element Calenla- 
tlon of Stress Intensity Factors by a Modified Crack Clostirc 
Integral," Engineering Fracture Mechanics, 9 (4), 911 (1977). 

15. h. A. Keimel, in "Klrk-0( Iimer : Kncyc.lopedla of Chemical Tech- 

nology," Vol. I, 3rd ed., pp. 4H8 510, John Wllev 4 Sons. New 
York, 19/8. 

16. "Damage Tolerant Design Handbook," Hat telle Mt'tals and Ceramics 
Inlormation Center, Columbus, 1972. 


